The recommended liquid-liquid equilibrium ͑LLE͒ data for 24 binary unsaturated hydrocarbon-water systems have been obtained after critical evaluation of all data ͑80 data sets͒ reported in the open literature up to the middle of 2003. A new equation was developed for prediction of the unsaturated hydrocarbon solubility. Using the predicted hydrocarbon solubilities the concentration of water in the second liquid phase was calculated. The LLE calculations were performed with the equation of state appended with a chemical term ͑EoSC͒. The recommended data were presented in the form of individual pages containing tables, all the references, and optionally figures.
Introduction
The objective of this paper is to provide selected and critically evaluated liquid-liquid equilibrium ͑LLE͒ data for binary unsaturated hydrocarbon-water systems, taken from the open literature up to the middle of 2003 and completed with the reference data. Solubility data for hydrocarbon-water systems were the object of IUPAC Commission on Solubility Data and presented as the Volumes 37 and 38 of the IUPAC Solubility Data Series, edited by Shaw. 2, 3 This work takes into account new data, which were published since that time as well as new methods of the LLE correlation. In this work we investigated 80 data sets for 36 unsaturated hydrocarbon-water systems obtained from 21 references. At least the reference data for 24 systems have been obtained.
Solubilities in hydrocarbon-water systems are very low so even small errors of the measurements lead to big relative error of the measured concentrations, which in some cases can achieve 100% or more. If one system is evaluated only then the estimation of data quality is always problematic, especially if only few experimental points are available. In this work the critical evaluation procedures were based on the same approach as those presented in the previous papers by Maczyński et al. 4, 5 The investigation of data included two steps:
͑1͒ Simultaneous regression of the hydrocarbon solubilities in all investigated systems using newly developed equation. The hydrocarbon solubilities calculated from the smoothing equation are more accurate than experimental data due to compensation of negative and positive errors during the regression. ͑2͒ LLE calculations, which yield water solubility in the hydrocarbons. The input data for these calculations were the hydrocarbon solubilities predicted from the smoothing equation in the previous step. The LLE calculations were done with the equation of state appended with a chemical term ͑EoSC͒ proposed by Góral. 1 The hydrocarbon solubilities calculated from the smoothing equation and the water solubilities calculated with EoSC were used as the reference data in the evaluation. The mentioned two steps are described in Secs. 2 and 3.
Solubility of Unsaturated Hydrocarbons in Water
The mole fraction of a hydrocarbon in water (x 1 ) at temperature ͑T͒ along the three phase equilibrium line can be approximated with Eq. ͑1͒ derived in the previous paper of this series,
where ⌬ sln C p is heat capacity corresponding to transfer of one mole of hydrocarbon to infinite solution. This equation describes solubility curve exhibiting a minimum solubility (x 1,min ) at TϭT min . The solubility of various hydrocarbons at the minimum can differ by several orders of magnitude. The bigger molecules exhibit lower solubility, because the number of hydrogen bonds broken and distorted depends very much on the size of the cavity in the water needed to accommodate the dissolved molecule. It is assumed here that the size of the cavity is proportional to the excluded volume ͑b͒ used in equations of state of van der Waals type. In this work Redlich-Kwong 6 Equation of State ͑RK EoS͒ is used, where b is calculated from critical temperature (T c ) and critical pressure ( P c ): given in Table 1 bϭ0.08664RT c / P c . ͑2͒
It was shown in Refs. 4 and 5 that ln x 1,min in alkane-water systems depends linearly on b. The unsaturated hydrocarbons investigated in this paper are more soluble than the alkanes 
where L is number of bonds in the molecule of the hydrocarbon, e.g., Lϭ0 for alkanes, Lϭ1 for alkenes, Lϭ2 for alkadienes and alkynes, and Lϭ4 for alkadiynes. Validity of Eq. ͑3͒ is shown in Fig. 1 . Figure 1 shows solubilities reported for the temperature interval 280-314 K. These temperatures correspond to vicinity of the minimum of the solubility curve. Around the minimum the solubility practically does not depend on temperature hence values of ln x 1 measured at these temperatures were treated as experimental approximations of ln x 1,min . The full line was determined in the previous paper ͑Ref. 5͒, using 169 points for 29 alkanes including n-alkanes, isoalkanes, and cycloalkanes. The other lines in Fig. 1 have the same slope but are shifted due to the additional term in Eq. ͑3͒. The coefficient c in this term was adjusted to experimental points shown in Fig. 1 using the fixed values of c 1 and c 2 . The resulting standard error of the experimental points was 0.369. When also c 2 was adjusted then the corresponding error was 0.362. This improvement is insignificant so c 1 and c 2 used previously for alkane-water mixtures were adopted. Thus the following coefficients were used in Eq. ͑3͒:
For the conjugated bonds c ϭ0.79. For Lϭ0 Eq. ͑3͒ reduces to the approximating formula used in Ref. 5 . Standard error of Eq. ͑3͒ can be estimated with the equation:
where D 33 ϭ0.0011 results from regression of the points in Fig. 1 with the fixed values of c 1 and c 2 . Other coefficients were reported in an earlier publication. 5 Their values are as follows:
Equation ͑3͒ is based on all investigated data so it is much more accurate than individual experimental points. This equation is useful for identification of outlying experimental data not only at the minimum but also at other temperatures, because the experimental points at other temperatures should lie on a curve going through ln x 1,min predicted with Eq. ͑3͒. Thus Eq. ͑3͒ is a point of departure for the next stages of the evaluation. The coefficient ⌬ sln C p /R in Eq. ͑1͒ was approximated by Eq. ͑7͒
The value of c 3 was obtained by regression of the solubility data for alkanes with Eq. ͑1͒ where ln x 1,min was fixed by Eq. ͑3͒ and T min ϭ298 K for cyclic hydrocarbons, T min ϭ306 K for other mixtures. These values of T min were found from analysis of experimental solubility curves. The following values of c 3 and its standard error, s(c 3 ) were obtained:
The same equations were also applied to three alkene-water systems, which were measured in wide temperature range by Economou et al. 7 The experimental solubility curve for 1-hexene is well described. The experimental points for solubility of 1-octene in water are approximated fairly well but systematic deviations are observed. For 1-decene the experimental solubility curve does not go through ln x 1,min predicted with Eq. ͑3͒.
The validity of Eq. ͑7͒ is illustrated in Fig. 2 . This plot 
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was demonstrated in the previous paper, Ref . 5 , but now the points corresponding to 1-hexene and 1-octene systems are supplemented. Figure 2 suggest that Eqs. ͑7͒ and ͑8͒ are valid also for systems investigated in this paper but in order to draw definite conclusion more high temperature data are necessary. Nevertheless at temperatures not too distant from T min the second term in Eq. ͑1͒ is so small that the mentioned uncertainty is insignificant. Thus we conclude that Eq. ͑1͒ ͓with Eqs. ͑3͒, ͑4͒, ͑7͒, and ͑8͔͒ can be applied to the investigated systems at the vicinity of minimum as well as at moderate temperatures up to say 330 K.
Solubility of Water in Unsaturated Hydrocarbons
In this work the solubilities predicted with Eq. ͑1͒ were used for the calculation of water concentration in the second liquid phase. To perform the LLE calculations a method of correlation of phase equilibrium developed by Góral 1 was used. This method ͑EoSC͒ was successfully used in previous papers, Refs. 4 and 5, for correlation and prediction of LLE in alkane-water systems. EoSC is based on RK EoS appended with a term, which accounts for hydrogen bonding. It was assumed that association of water could be approximated with the continuous association model in which hydrogen bonded cluster of water molecules possessing unshared electron pairs or nonhydrogen bonded hydrogen atoms can grow by hydrogen bonding to adjacent molecules of water. The kind and concentration of the hydrogen bonded clusters depends on the chemical equilibrium in the mixture. It is assumed that formation of each hydrogen bond in water is described by the same temperature dependent association constant K H-O . The details of the calculations were given by Maczyński et al. 4, 5 Water is more soluble in unsaturated hydrocarbons than in alkanes. This shift of the water solubility depends on number of bonds in the hydrocarbon molecule. To account for this phenomenon it was assumed that each bond can coassociate with free hydrogen atom of water. Each hydrogen bond of this kind was described with the same equilibrium constant K -H . The conjugated bonds were described with another equilibrium constant (K -H Ј ) fulfilling
K -H was approximated with the following equation:
where K H-O is constant of self-association of water, which was calculated with formula given in the previous paper ͑Ref. 5͒. The constant C was optimized in order to obtain good agreement between the calculated and experimental solubility of water in the unsaturated hydrocarbons. This optimization gave Cϭ2.2ϫ10 Ϫ5 MPa Ϫ1 , which was used for calculation of the water solubility in all investigated systems.
The input information for the described LLE calculations is solubility of unsaturated hydrocarbons in water, calculated with Eq. ͑1͒. The output is the predicted concentration of water in the second liquid phase.
For the water solubility only 44 experimental points were available in the literature. For 29 points deviations between the experimental and the calculated value were lower than 30%. In view of accuracy of the data the agreement between the calculated and experimental water solubilities is very satisfactory. One can compare this result with verification of unsaturated hydrocarbon solubility data where Fig. 1 and Eq. ͑3͒ discarded 50 out of 110 points using the same 30% limit.
Most of the experimental points are measured at 298 K or in the vicinity of this temperature. Only for three systems was solubility of water measured in a wide temperature range. These are data for solubility of water in 1-hexene, 1-octene, and 1-decene reported by Economou et al.
7 These data at room temperature are a little lower than the values predicted by EoSC and the data of other authors. In higher temperatures the experimental points for the three systems overlap except for the last point for 1-decene, which seems to be too low. This overlapping seem to be in contradiction with behavior of the corresponding systems of n-alkanes where some common curve at medium temperatures differentiates at high temperatures. The same behavior exhibit the solubilities calculated with EoSC. As a result the solubilities of water in the alkenes calculated with EoSC agree well with the experimental points at temperatures up to about 60 K below three phase critical temperature (T 3c ) but they are too high in the vicinity of T 3c .
For convenience of the reader the solubility curves predicted with EoSC were approximated with Eq. ͑9͒ proposed by Economou et al.
Originally T r ϭT/T 3c , where T 3c is three phase critical temperature. In most cases T 3c is not known and instead of T 3c some adjustable temperature T 0 is used in Eq. ͑9͒. For unsaturated hydrocarbons investigated in this work the parameters of Eq. ͑9͒ are given in Table 2 . Equation ͑9͒ should be used in the range of experimental data, which were used for testing the EoSC calculations.
Conclusions
Solubility of unsaturated hydrocarbons in water can be calculated with good accuracy with Eq. ͑1͒ at the vicinity of minimum, e.g., at room and moderate temperatures. Due to lack of reliable data it is difficult to estimate accuracy of Eq. ͑1͒ at high temperatures. Solubility of water in unsaturated hydrocarbons can be calculated with EoSC in conjunction with Eq. ͑1͒. To apply the presented equations no experimental solubility data are necessary. This method of prediction was tested using all available solubility data for the unsaturated hydrocarbon-water systems. Unfortunately most of the solubility data were measured at room temperatures. The 582 582 GÓ RAL, MA CZYŃ SKI, AND WIŚ NIEWSKA-GOCŁOWSKA presented tests and good agreement between the calculated solubilities and the recommended data lead us to believe in good accuracy of the calculations as well as internal consistency and good quality of the recommended data.
Description of Tables Containing the Recommended Data
Each system is presented in a separate table, which includes LLE data along the three phase equilibrium line and optionally the corresponding figures.
The tables contain data which differ from the calculated values by less than 30% in respect to mole fraction of the solute. This criterion discarded 66 out of a total number of 154 experimental points investigated in this work. If more data at the same temperature fulfills this criterion then only one selected experimental point was chosen and placed in the table. The selection was done taking into account agreement with the recommended data at other temperatures and the agreement with the calculated solubility. The tables contain experimental mole fractions of the solute and the corresponding calculated values. The symbol x 1 denotes mole fraction of unsaturated hydrocarbon in the water-rich phase and x 2 denotes mole fraction of water in the unsaturated hydrocarbon-rich phase. Values denoted by x 1,calc were calculated with Eq. ͑1͒. Coefficients of this equation are given in Table 1 . Values of x 2,calc were calculated with Eq. ͑9͒. Coefficients of this equation are given in Table 2 . These coefficients were found in the following way: at first LLE calculations were performed with EOSC using solubility of unsaturated hydrocarbon predicted with Eq. ͑1͒. Next the calculated solubilities of water were approximated with Eq.
͑9͒.
Additionally, for mixtures investigated in a sufficiently large temperature interval two types of figures are given. The figures where T is plotted versus x 1 show solubility of unsaturated hydrocarbons in water. The figures where T is plotted versus x 2 show solubility of water in the corresponding unsaturated hydrocarbon. 
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